Abstract: This paper reviews a database of about 1500 published and 1000 unpublished microprobe analyses of platinum-group minerals (PGM) from chromite deposits associated with ophiolites and Alaskan-type complexes of the Urals. Composition, texture, and paragenesis of unaltered PGM enclosed in fresh chromitite of the ophiolites indicate that the PGM formed by a sequence of crystallization events before, during, and probably after primary chromite precipitation. The most important controlling factors are sulfur fugacity and temperature. Laurite and Os-Ir-Ru alloys are pristine liquidus phases crystallized at high temperature and low sulfur fugacity: they were trapped in the chromite as solid particles. Oxygen thermobarometry supports that several chromitites underwent compositional equilibration down to 700 • C involving increase of the Fe3/Fe2 ratio. These chromitites contain a great number of PGM including-besides laurite and alloys-erlichmanite, Ir-Ni-sulfides, and Ir-Ru sulfarsenides formed by increasing sulfur fugacity. Correlation with chromite composition suggests that the latest stage of PGM crystallization might have occurred in the subsolidus. If platinum-group elements (PGE) were still present in solid chromite as dispersed atomic clusters, they could easily convert into discrete PGM inclusions splitting off the chromite during its re-crystallization under slow cooling-rate. The presence of primary PGM inclusions in fresh chromitite of the Alaskan-type complexes is restricted to ore bodies crystallized in equilibrium with the host dunite. The predominance of Pt-Fe alloys over sulfides is a strong indication for low sulfur fugacity, thereby early crystallization of laurite is observed only in one deposit. In most cases, Pt-Fe alloys crystallized and were trapped in chromite between 1300 and 1050 • C. On-cooling equilibration to~900 • C may produce lamellar unmixing of different Pt-Fe phases and osmium. Precipitation of the Pt-Fe alloys locally is followed by an increase of sulfur fugacity leading to crystallize erlichmanite and Ir-Rh-Ni-Cu sulfides, occurring as epitaxic overgrowth on the alloy. There is evidence that the system moved quickly into the stabilization field of Pt-Fe alloys by an increase of the oxygen fugacity marked by an increase of the magnetite component in the chromite. In summary, the data support that most of the primary PGM inclusions in the chromitites of the Urals formed in situ, as part of the chromite precipitation event. However, in certain ophiolitic chromitites undergoing annealing conditions, there is evidence for subsolidus crystallization of discrete PGM from PGE atomic-clusters occurring in the chromite. This mechanism of formation does not require a true solid solution of PGE in the chromite structure.
Introduction
Ever since pioneer geochemical surveys of ultramafic rocks [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , chromitite has been recognized as a potential concentrator of platinum-group elements (PGE = Os, Ir, Ru, Rh, Pt, Pd). These metals are mainly carried in minute grains (<20 µm) of specific platinum-group minerals (PGM) that occur enclosed in chromite crystals, at the crystal rims or in the interstitial silicate gangue of the chromitite. Because of their textural position the PGM not included in chromite are exposed to alteration and can be remobilized at a small scale by the action of low-temperatures hydrous fluids [8, 12] . The PGM included in fresh chromite are preserved by alteration and generally are considered to have crystallized at high temperature. Since the beginning, it was established that some chromitites preferentially concentrate IPGE (Os, Ir, Ru), and others are dominated by PPGE (Rh, Pt, Pd), depending on PGE fractionation during crystallization of the parent melt, and partial melting of the mantle source. Apart from this question, there has been considerable debate concerning the mechanism by which discrete PGM crystals are enclosed in the chromite. Some authors have interpreted the PGM to have exsolved from the oxide host at some subsolidus stage, and actually experimental works have demonstrated that some PGE have crystal-chemical compatibility for the spinel structure, being incorporated as a true solid solution in the oxide [9] . However, some factual observations strongly argue against this model as the sole mechanism for the formation of PGM in chromitite. For example, dissolution-exsolution cannot explain the mineralogical diversity of PGM included in a single chromite crystal, neither can it account for the compositional similarity of PGM found included in chromite and co-crystallizing mafic silicates [4] [5] [6] 10] . There is now a general consensus that the primary PGM are pristine liquidus phases mechanically trapped in chromite and mafic silicates precipitating from the magma at high temperature would appear the most likely. This model may easily account for the mineralogical variability of PGM-bearing composite inclusions reported from a number of chromitites, and does not require crystallographic substitution of PGE in the framework of chromite and mafic silicates [6, [11] [12] [13] . The crystallization of PGM at high temperature is somehow supported by the so called "clusters theory" [14] . These authors suggested that in natural magmas the PGE do not occur as free cations or any other molecular species, but form disordered clusters consisting of a few hundred atoms, suspended in the melt. Because of their physical and chemical properties the clusters will tend to coalesce with decreasing temperature to form specific PGM alloys, sulfides, or compounds with other ligands (e.g., As, Te, Bi, Sb). The "clusters theory" has received much attention from the students since it can explain many characters of the primary PGM inclusions in chromitites. Nevertheless, the magmatic association between chromite and PGE at high temperature still presents some unresolved questions which need further investigation [15] .
The chromite deposits of the Urals offer a unique opportunity to study genetic mechanisms of the chromite-PGE mineralization associated with ophiolites and Alaskan-type ultramafic complexes. These chromitites formed by a sequence of magmatic events marking the geodynamic evolution of the Uralian Ocean, from its opening in Ordovician pre-Palaeozoic to closure in Upper Devonian-Carboniferous Permo-Triassic times.
Preliminary overviews have revealed that chromitites associated with ophiolites and Alaskan-type intrusions have distinct Os-Ir-Ru or Ir-Rh-Pt-Pd geochemical specialization, respectively [7, 16] , providing a useful guideline for the interpretation of the primary source of PGE nuggets in alluvial placer deposits of the Urals [7, 16, 17] . Mineralogical investigations carried out between 1996 and 2016 have described in detail the diverse PGM assemblages of the chromitites, thereby establishing a close consistency between the geochemistry and mineralogy of the PGE . The results of these studies, however, did not lead to a conclusive model able to adequately explain the primary origin of PGM inclusions in the chromite. Several aspects remain unsolved, for example, the physical state of the PGM at the time of entrapment (liquid, solid crystals, solid + liquid), or the effects of chromite re-equilibration in the subsolidus. The introduction of the "cluster theory" [14] clearly provides further argument for debate making the role of the re-adjustment of PGM assemblages in the subsolidus stage more likely. In order to contribute to the discussion, we have examined approximately 2500 microprobe analyses of PGM grains, partly taken from the above literature and partly provided by new analyses carried out in the course of this overview. A survey of electron-microscope images of primary PGM inclusions in the fresh chromite is provided, in order to illustrate crystallization relations among the different PGM phases. Comparison of PGE-PGM data with chromite composition allows us to explore the possible correlation between the type of PGM mineralization and conditions invoked for the precipitation of chromite at high magmatic temperature, or the influence of chromite on-cooling equilibration in the subsolidus stage.
Geological Setting and Sample Provenance
Ural orogenic belt extends over 2500 km along the 60 • East Meridian ( Figure 1A ). Ophiolites and Alaskan-type complexes hosting the chromite deposits examined in this overview occur distributed along the axial zone of the Ural belt ( Figure 1B ). Geologic classification of the chromite deposits [46] includes: (1) Mantle-hosted ophiolitic chromitite (Ray-Iz, Alapaevsk, Kluchevsk, Nurali, Kraka, Kempirsai Main Ore Field); (2) Banded chromitite in supra-Moho cumulate of ophiolites (Nurali, Kempirsai Batamshinsk, Tagashasai, Stepninsk); (3) Chromitite lenses in Alaskan-type zoned intrusions (Kytlym, Kachkanar, Nizhny Tagil, Uktus) ( Table 1) . Type-1 chromitites are characterized by high-Cr, low-Ti composition and are hosted in harzburgite or lherzolite type ophiolites; most deposits have economic size. Type-2 chromitites have high-Al composition, but their Ti content varies from low to high according to the type of host-rock, dunite, pyroxenite, troctolite, clinopyroxenite. Type-3 chromitites have high-Cr, high-Ti composition. Type 2 and 3 chromitites have sub economic size as a source of chromite ore. The geometrical relationships of type-3 deposits indicate "syngenetic" deposition of chromitite in equilibrium with host dunite, or late "epigenetic" emplacement of chromitite within solid dunite [47] . PGM in the syngenetic type chromitite mostly form small inclusions in chromite crystals. PGM in the epigenetic chromitites fill interstitial space between chromite grains and form huge aggregates which are the main source for the famous Uralian placers.
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Ural orogenic belt extends over 2500 km along the 60° East Meridian ( Figure 1A ). Ophiolites and Alaskan-type complexes hosting the chromite deposits examined in this overview occur distributed along the axial zone of the Ural belt ( Figure 1B ). Geologic classification of the chromite deposits [46] includes: (1) Mantle-hosted ophiolitic chromitite (Ray-Iz, Alapaevsk, Kluchevsk, Nurali, Kraka, Kempirsai Main Ore Field); (2) Banded chromitite in supra-Moho cumulate of ophiolites (Nurali, Kempirsai Batamshinsk, Tagashasai, Stepninsk); (3) Chromitite lenses in Alaskan-type zoned intrusions (Kytlym, Kachkanar, Nizhny Tagil, Uktus) ( Table 1) . Type-1 chromitites are characterized by high-Cr, low-Ti composition and are hosted in harzburgite or lherzolite type ophiolites; most deposits have economic size. Type-2 chromitites have high-Al composition, but their Ti content varies from low to high according to the type of host-rock, dunite, pyroxenite, troctolite, clinopyroxenite. Type-3 chromitites have high-Cr, high-Ti composition. Type 2 and 3 chromitites have sub economic size as a source of chromite ore. The geometrical relationships of type-3 deposits indicate "syngenetic" deposition of chromitite in equilibrium with host dunite, or late "epigenetic" emplacement of chromitite within solid dunite [47] . PGM in the syngenetic type chromitite mostly form small inclusions in chromite crystals. PGM in the epigenetic chromitites fill interstitial space between chromite grains and form huge aggregates which are the main source for the famous Uralian placers.
Type-3 chromite compositions reported in Table 1 refer to "syngenetic" chromitites which better reflect conditions of chromitite-dunite co-precipitation from the Alaskan primitive magma, at high temperature. Overview of the PGE geochemistry [24, 28, 39, 40, 44, 48, 49] indicates that the chromitites are characterized by distinctive chondrite-normalized [50] PGE patterns, showing alternative predominance of Os-Ir-Ru (Figure 2A) , and Rh-Pt-Pd ( Figure 2B ,C) in podiform and banded chromitites associated with ophiolites, or a marked Pt-Ir specialization with Ru negative anomaly in those within Alaskan-type intrusions ( Figure 2D ). Type-3 chromite compositions reported in Table 1 refer to "syngenetic" chromitites which better reflect conditions of chromitite-dunite co-precipitation from the Alaskan primitive magma, at high temperature. Overview of the PGE geochemistry [24, 28, 39, 40, 44, 48, 49] indicates that the chromitites are characterized by distinctive chondrite-normalized [50] PGE patterns, showing alternative predominance of Os-Ir-Ru (Figure 2A) , and Rh-Pt-Pd ( Figure 2B ,C) in podiform and banded chromitites associated with ophiolites, or a marked Pt-Ir specialization with Ru negative anomaly in those within Alaskan-type intrusions ( Figure 2D ). 
Distribution and Mineralogy of the PGM Inclusions
The amount of PGM inclusions varies greatly in both the ophiolitic and Alaskan-type chromitites of the Urals, displaying extremely irregular distribution even at the scale of single hand samples. For example, in [27] it was reported that about 30% of the polished sections investigated from the mantlehosted chromitites of Kempirsai contain relatively abundant PGM, whereas only a few grains were observed in the remainder. About 100 PGM grains were identified in 23 samples from three chromite deposits of the Ray-Iz mantle tectonite, however only 10% of the samples showed significant PGM enrichment [22] . Most samples from Kraka, Kluchevsk, Alapevsk and the banded chromitite in the supra-moho cumulates of Kempirsai display very low contents of PGM, with a maximum frequency of 4-5 grains per 6.5 cm 2 [27, 38, 40, 44] . In contrast, more than 400 PGM grains have been found in chromitite bands in the supra-moho cumulates of the Nurali ophiolite, with a maximum frequency 
The amount of PGM inclusions varies greatly in both the ophiolitic and Alaskan-type chromitites of the Urals, displaying extremely irregular distribution even at the scale of single hand samples. For example, in [27] it was reported that about 30% of the polished sections investigated from the mantle-hosted chromitites of Kempirsai contain relatively abundant PGM, whereas only a few grains were observed in the remainder. About 100 PGM grains were identified in 23 samples from three chromite deposits of the Ray-Iz mantle tectonite, however only 10% of the samples showed significant PGM enrichment [22] . Most samples from Kraka, Kluchevsk, Alapevsk and the banded chromitite in the supra-moho cumulates of Kempirsai display very low contents of PGM, with a maximum frequency of 4-5 grains per 6.5 cm 2 [27, 38, 40, 44] . In contrast, more than 400 PGM grains have been found in chromitite bands in the supra-moho cumulates of the Nurali ophiolite, with a maximum frequency of 8-10 grains per 6.5 cm 2 [39] . About 50% of the chromitite samples investigated from the Alaskan-type complexes were found to contain disseminated PGM. Chromitites from Nizhny-Tagil (18 samples) and Kachkanar (4 samples) contain PGM with maximum contents of 50 and 8 grains, respectively [19] . About 420 PGM grains were analyzed in 15 samples from the Uktus and Kytlym zoned intrusions, with a maximum frequency of 12 grains per 6.5 cm 2 in the richest samples of Kytlym [23, 24, 41] . The mineralogy of PGM in the Ural chromitites includes alloys, sulfides, sulfarsenides, arsenides, tellurides, antimonides, and accessory base metal (BM) minerals (sulfides, arsenides, oxides, alloys) containing minor amounts of PGE. Accessory Au and Ag phases have also been reported from various chromitites. A list of known and unknown PGM identified in the chromitites of the Urals is given in Table 2 . Most authors have divided the PGM into two genetically distinct categories, based on their textural relations: (1) the "primary" PGM occurring enclosed in fresh chromite far from cracks and alteration zones, and (2) the "secondary" PGM being invariably associated with low-temperature assemblages, either included in the ferrianchromite rim of chromite grains, or in the interstitial silicate matrix (serpentine, chlorite, talc). In this overview we have focused our attention on the paragenetic characters of the primary PGM occurring enclosed in fresh chromite thereby reflecting high temperature conditions of formation, having been preserved from low-temperature alteration. The ophiolitic chromitites, as a whole, display predominance of Os-Ir-Ru minerals (IPGM) over Rh-Pt-Pd (PPGM) ( Figure 3A ), in agreement with the dominant negative trend of the PGE profiles (Figure 2A-C) . The IPGM population mainly consists of Ru-Os disulfides of the laurite-erlichmanite series, cuproiridsite, and various Ir-Ni thiospinels and monosulfides occurring in primary inclusions. The sulfides are accompanied by decreasing amounts of Os-Ir alloys, As-bearing phases (irarsite), and BM minerals containing detectable amounts of PGE (mainly Ru-pentlandite) ( Figure 3B ), which may be found in both primary and secondary assemblages.
The small proportion (~6%) of PPGM reflects the occurrence of Pt and Pd phases (sperrylite, stibiopalladite, tetraferroplatinum, potarite, unknown Pt-Pd-Cu-Ni-Fe alloys) in chromitites from the uppermost cumulus layers of Nurali and Kempirsai [39, 45] , which distinguish for nearly flat to markedly positive chondritic profiles. Particularly numerous is the category "Ox" including rare PGE oxydes and a great variety of unknown O-bearing compounds consisting of native Ru-Os-Ir intermixed with Fe-oxide and relicts of sulfide. These grains are interpreted to have derived from partial to complete desulfidation of primary PGM during serpentinization [21] . The Alaskan-type chromitites contain high proportion (81%) of PPGM in front of 19% IPGM. Consistent with the saw-like trend typical of most PGE profiles ( Figure 2D ), the PGM assemblage is characterized by the predominance of Pt-and Ir-phases, and paucity of Ru and Pd PGM [15, 24, 41, 48, 50] . PGE alloys are by far the most abundant PGM phase, accompanied by decreasing amounts of sulfides, As-PGM, BM minerals, and Te-, Sb-, and Hg-based PGM ( Figure 3B ). The Pt-Fe alloys isoferroplatinum and tetraferroplatinum, along with iridium, osmium, erlichmanite, kashinite, cooperite-braggite, Ir-Rh-Pt thiospinels (cuproiridsite, cuprorhodsite, malanite), and unknown Ir-Ni sulfides (Table 2) are the major components of primary inclusions in fresh chromite. Euhedral laurite crystals have also been reported as primary inclusion in chromitites of the Uktus complex. Other PGM such as tulameenite, Cu-Pd-Pt alloys, potarite, irarsite, geversite, tolovkite, unknown Rh-Te (Table 2 ) are found exclusively as replacement of primary PGM, or associated with alteration assemblages (ferrianchromite, chlorite, serpentine) indicating that they formed in a low-temperature post-magmatic stage [23, 24] . The small proportion (~6%) of PPGM reflects the occurrence of Pt and Pd phases (sperrylite, stibiopalladite, tetraferroplatinum, potarite, unknown Pt-Pd-Cu-Ni-Fe alloys) in chromitites from the uppermost cumulus layers of Nurali and Kempirsai [39, 45] , which distinguish for nearly flat to markedly positive chondritic profiles. Particularly numerous is the category "Ox" including rare PGE oxydes and a great variety of unknown O-bearing compounds consisting of native Ru-Os-Ir intermixed with Fe-oxide and relicts of sulfide. These grains are interpreted to have derived from partial to complete desulfidation of primary PGM during serpentinization [21] . The Alaskan-type chromitites contain high proportion (81%) of PPGM in front of 19% IPGM. Consistent with the sawlike trend typical of most PGE profiles ( Figure 2D ), the PGM assemblage is characterized by the predominance of Pt-and Ir-phases, and paucity of Ru and Pd PGM [15, 24, 41, 48, 50] . PGE alloys are by far the most abundant PGM phase, accompanied by decreasing amounts of sulfides, As-PGM, BM minerals, and Te-, Sb-, and Hg-based PGM ( Figure 3B ). The Pt-Fe alloys isoferroplatinum and tetraferroplatinum, along with iridium, osmium, erlichmanite, kashinite, cooperite-braggite, Ir-RhPt thiospinels (cuproiridsite, cuprorhodsite, malanite), and unknown Ir-Ni sulfides (Table 2) are the major components of primary inclusions in fresh chromite. Euhedral laurite crystals have also been reported as primary inclusion in chromitites of the Uktus complex. Other PGM such as tulameenite, Cu-Pd-Pt alloys, potarite, irarsite, geversite, tolovkite, unknown Rh-Te (Table 2) are found exclusively as replacement of primary PGM, or associated with alteration assemblages (ferrianchromite, chlorite, serpentine) indicating that they formed in a low-temperature postmagmatic stage [23, 24] . 
Primary PGM in Ophiolitic Chromitites

Paragenetic Assemblages of PGM as Function of Sulfur Fugacity
The primary PGM inclusions in ophiolitic chromitites are generally less than 20 µm in size, and may occur either as solitary, polygonal crystals, or composite grains consisting of two or more PGM, with or without BM sulfide and silicate (Figure 4 ). Representative compositions of the PGM are given in Table 3 . The paragenesis and composition of these PGM can be modelled according to a sequence of crystallization events controlled by relative stability of PGE alloys and sulfides as function of sulfur fugacity, f(S 2 ), and temperature, T • C ( Figure 5 [28, 51, 52] ). In the mantle-hosted chromitites of Kempirsai and Ray-Iz, as well as in the cumulus chromitite of Nurali, primary PGM disulfides, with compositions ranging continuously between laurite (RuS 2 ) and erlichmanite (OsS 2 ), coexist with primary Os-Ir alloys characterized by Ru-poor compositions [20, 28, 39, 53] . The paragenesis indicates that the f(S 2 ) was initially close to the threshold for the formation of laurite (Ru + S 2 = RuS 2 ) coexisting with Os-Ir alloys. Increase of f(S 2 ) with decreasing temperature results in the progressive stabilization of erlichmanite, various Ir-Ni sulfides, and Ni-Fe sulfides ( Figure 5 ). Since an increment in f(S 2 ) favours entering of Os in laurite [12] , early laurite coexisting with Os-Ir alloys will have relatively high Ru/Os ratio comprised between Ru 100 and Ru 72 Os 28 , the latter corresponding to the unfractionated chondritic composition [53] . Further increase in f(S 2 ) will cause progressive decrease of the Ru/Os ratio well below the chondritic value [53] , and the composition of laurite will enter the erlichmanite field ( Figure 4E-G) . At Nurali, several laurite grains are zoned showing Os enrichment in the rim ( Figure 4D ). This has been interpreted as evidence supporting that the increase in f(S2) also accompanies fractional crystallization of chromitite in the cumulus pile of ophiolites [39] . The sulfarsenides and arsenides frequently appear as small particles attached to the external border of the Ir-Ni sulfides (Figure 4H ), or overgrowing primary Os-Ir alloy crystals ( Figure 4I ). Although representing very accessory members of the primary assemblage of PGM inclusions, the crystallization of primary As-based PGM requires a relative increase of arsenic-fugacity in the latest stage of PGM precipitation at high temperature. Based on morphological considerations it would appear that the PGE alloys and sulfides were trapped in crystallizing chromite as solid particles or, at least in part, as liquid droplets adherent to solid crystals, for example, the Ru-arsenide enveloping the Os-Ir alloy ( Figure 4I ). This observation requires that the whole sequence of PGM crystallization alloy-sulfide-arsenide must have taken place in high thermal range between the crystallization temperature of Os-poor laurite (~1100 • C), and the solidus of chromite as the lower limit (see arrow T1 in Figure 5 ). However, some authors [27] have presented f(S 2 )/T • C lines trending along a much wider thermal gradient (see arrow T2 in Figure 5 ), well below the chromite solidus, implying that certain PGM might have split off the chromite in the subsolidus under long-lasting annealing conditions. Figure 5 ). Since an increment in f(S2) favours entering of Os in laurite [12] , early laurite coexisting with Os-Ir alloys will have relatively high Ru/Os ratio comprised between Ru100 and Ru72Os28, the latter corresponding to the unfractionated chondritic composition [53] . Further increase in f(S2) will cause progressive decrease of the Ru/Os ratio well below the chondritic value [53] , and the composition of laurite will enter the erlichmanite field ( Figure 4E-G) . At Nurali, several laurite grains are zoned showing Os enrichment in the rim ( Figure 4D ). This has been interpreted as evidence supporting that the increase in f(S2) also accompanies fractional crystallization of chromitite in the cumulus pile of ophiolites [39] . The sulfarsenides and arsenides frequently appear as small particles attached to the external border of the Ir-Ni sulfides (Figure 4H ), or overgrowing primary Os-Ir alloy crystals ( Figure 4I ). Although representing very accessory members of the primary assemblage of PGM inclusions, the crystallization of primary As-based PGM requires a relative increase of arsenic-fugacity in the latest stage of PGM precipitation at high temperature. Based on morphological considerations it would appear that the PGE alloys and sulfides were trapped in crystallizing chromite as solid particles or, at least in part, as liquid droplets adherent to solid crystals, for example, the Ru-arsenide enveloping the Os-Ir alloy ( Figure 4I ). This observation requires that the whole sequence of PGM crystallization alloy-sulfide-arsenide must have taken place in high thermal range between the crystallization temperature of Os-poor laurite (~1100 °C), and the solidus of chromite as the lower limit (see arrow T1 in Figure 5 ). However, some authors [27] have presented f(S2)/T °C lines trending along a much wider thermal gradient (see arrow T2 in Figure 5 ), well below the chromite solidus, implying that certain PGM might have split off the chromite in the subsolidus under long-lasting annealing conditions. 
Relationships with Chromite Composition
The oxygenthermobarometry [46, 54] based on the olivine-spinel equilibrium [55] shows that chromitites of the Urals equilibrated in a wide range from 1510 to 590 °C. Discarding unrealistic values above 1400 °C and below 700 °C, most samples (e.g., Kempirsai) plot between 1400 and 700 °C, following a trend of increasing Fe 3 /(Fe 3 + Fe 2 ) and Δlogf(O2) with decreasing temperature ( Figure  6A ) suggesting that the increase of fO2 continued in the subsolidus [27] . Adjustment of the Fe 3 /(Fe 3 + Fe 2 ) ratio occurs by oxidation of Fe 2 inside the chromite itself as indicated by the negative correlation between Fe 3 /(Fe 3 + Fe 2 ) and Fe 2 /(Fe 2 + Mg) ( Figure 6B ).
The assemblage of PGM inclusions indicates that the f(S2) was forced to increase up to values suitable for the stabilization of high-energy PGM sulfides [56] , and/or sulfidation of those PGE that were still residing in the chromite as atomic clusters [27] . The temperatures calculated for chromitites of Kraka are sensibly higher than those of Kempirsai (1310-1090 °C). In these chromitites, laurite shows limited Ru-Os substitution, and occurs as isolated euhedral crystals, sometimes associated with primary mafic silicates, mainly clinopyroxene. The Ir-Ni sulfides are conspicuously absent, indicating precipitation of the PGM at lower sulfur fugacity compared with Kempirsai and Ray-Iz [40] . Composition and textural characters of these laurites are totally similar to the laurite grain in Figure 4C , supporting that these grains formed in the magma prior to chromite crystallization, and escaped re-equilibration at low temperature. In conclusion, the data presented here support that laurite can precipitate from the magma at relatively low fS2, and is enclosed in the chromite as a solid particle. Under a high cooling-rate (line T1 in Figure 5 ) the fS2 increases rapidly, stabilizing the expected sequence of PGM sulfides prior to the crystallization of chromite. In the lack of annealing, there will be no reequilibration-adjustment of the chromite composition and limited chance for the formation of PGM inclusions in the subsolidus. 
The oxygenthermobarometry [46, 54] based on the olivine-spinel equilibrium [55] shows that chromitites of the Urals equilibrated in a wide range from 1510 to 590 • C. Discarding unrealistic values above 1400 • C and below 700 • C, most samples (e.g., Kempirsai) plot between 1400 and 700 • C, following a trend of increasing Fe 3 /(Fe 3 + Fe 2 ) and ∆logf(O 2 ) with decreasing temperature ( Figure 6A ) suggesting that the increase of fO 2 continued in the subsolidus [27] . Adjustment of the Fe 3 /(Fe 3 + Fe 2 ) ratio occurs by oxidation of Fe 2 inside the chromite itself as indicated by the negative correlation between Fe 3 /(Fe 3 + Fe 2 ) and Fe 2 /(Fe 2 + Mg) ( Figure 6B ).
The assemblage of PGM inclusions indicates that the f(S 2 ) was forced to increase up to values suitable for the stabilization of high-energy PGM sulfides [56] , and/or sulfidation of those PGE that were still residing in the chromite as atomic clusters [27] . The temperatures calculated for chromitites of Kraka are sensibly higher than those of Kempirsai (1310-1090 • C). In these chromitites, laurite shows limited Ru-Os substitution, and occurs as isolated euhedral crystals, sometimes associated with primary mafic silicates, mainly clinopyroxene. The Ir-Ni sulfides are conspicuously absent, indicating precipitation of the PGM at lower sulfur fugacity compared with Kempirsai and Ray-Iz [40] . Composition and textural characters of these laurites are totally similar to the laurite grain in Figure 4C , supporting that these grains formed in the magma prior to chromite crystallization, and escaped re-equilibration at low temperature. In conclusion, the data presented here support that laurite can precipitate from the magma at relatively low fS 2 , and is enclosed in the chromite as a solid particle. Under a high cooling-rate (line T1 in Figure 5 ) the fS 2 increases rapidly, stabilizing the expected sequence of PGM sulfides prior to the crystallization of chromite. In the lack of annealing, there will be no reequilibration-adjustment of the chromite composition and limited chance for the formation of PGM inclusions in the subsolidus.
On the contrary, post-magmatic equilibration under slow cooling-rate, as it was the case in the Kempirsai chromite deposits, will favour formation of a high number of PGM inclusions characterized by a variegate composition. On the contrary, post-magmatic equilibration under slow cooling-rate, as it was the case in the Kempirsai chromite deposits, will favour formation of a high number of PGM inclusions characterized by a variegate composition. 
Primary PGM in Alaskan-Type Chromitites
Primary PGM and Sulfur Fugacity in Alaskan-Type Chromitites
Primary PGM in "syngenetic" chromitites of the Urals occur as minute disseminated grains (1-35 μm) enclosed in fresh chromite, as either single-phase crystals, or forming composite aggregates of more PGM, sometimes with associated silicates.
Most common mineral assemblages and compositions of the PGM inclusions are given in Figure  7 and Table 4 , respectively. 
Primary PGM in Alaskan-Type Chromitites
Primary PGM and Sulfur Fugacity in Alaskan-Type Chromitites
Primary PGM in "syngenetic" chromitites of the Urals occur as minute disseminated grains (1-35 µm) enclosed in fresh chromite, as either single-phase crystals, or forming composite aggregates of more PGM, sometimes with associated silicates.
Most common mineral assemblages and compositions of the PGM inclusions are given in Figure 7 and Table 4, The predominance of Pt-Fe alloys over sulfides provides evidence for the crystallization of primary PGM under fS 2 as low as to prevent formation of Pt sulfides. Primary precipitation of sulfides at high temperature is reported exclusively from the Uktus chromitite where laurite with low Os content and kashinite with Ir-Ni-sulfide ( Figure 7A ) occur included in fresh chromite. The study of Kytlym and Uktus chromitites [23] allows identification of three groups of primary Pt-Fe alloys (Figure 8 ). The most abundant alloys consist of isoferroplatinum Pt 3 Fe and tetraferroplatinum PtFe containing less than 3 at % Ni + Cu. These alloys, mainly Pt 3 Fe, are preferentially accompanied by a sulfide-rich assemblage, erlichmanite, Ir-Rh-Cu-Ni thiospinels, and pentlandite occurring as epitaxic overgrowth at the alloy's boundary (Figures 7B-F) . This indicates that the alloys were a stable phase under relatively high fS 2 capable of stabilizing the suite of PGM sulfides reported in the pictures. In contrast, isoferroplatinum and tetraferroplatinum both enriched in Ni and Cu, would appear to have formed at relatively low fS 2 as suggested by failure to crystallize Ni-Cu Ir-thiospinels and erlichmanite ( Figure 7G-I) . containing less than 3 at % Ni + Cu. These alloys, mainly Pt3Fe, are preferentially accompanied by a sulfide-rich assemblage, erlichmanite, Ir-Rh-Cu-Ni thiospinels, and pentlandite occurring as epitaxic overgrowth at the alloy's boundary (Figures 7B-F) . This indicates that the alloys were a stable phase under relatively high fS2 capable of stabilizing the suite of PGM sulfides reported in the pictures. In contrast, isoferroplatinum and tetraferroplatinum both enriched in Ni and Cu, would appear to have formed at relatively low fS2 as suggested by failure to crystallize Ni-Cu Ir-thiospinels and erlichmanite ( Figure 7G-I) . According to the authors [23] , the fS2 exerts strong influence on the composition and paragenetic assemblage of primary Pt-Fe alloys crystallizing at high temperature. At low fS2 both Ni and Cu are forced to enter the alloy structure in substitution for Pt, as indicated by the Pt/(Ni + Cu) negative correlation in Figure 8 . At relatively higher fS2 Ni and Cu tend to form independent sulfides with Ir and Rh overgrowing the Pt-Fe alloys. An Os-alloy is usually present as exsolved lamellae in the PtFe alloys. Its textural relations support the inferred variation of fS2 during crystallization of primary inclusions. The osmium lamellae are very small or absent in Pt-Fe alloys formed at high fS2, in which Os is mainly carried in primary erlichmanite. On the contrary, large osmium lamellae are almost ubiquitous in Ni-Cu rich Pt-Fe alloys occurring in the sulfide free PGM assemblage (Figure 7) . The composition of primary laurite incusions of the Uktus chromitites remain confined to Os concentrations lower than about 10 at%, therefore indicating crystallization at sulfur fugacities logfS2 close to −1.3 and a temperature of the order of 1300 °C, for the near-end-member laurite [24] . The Figure 5 shows that these conditions are comparable with those obtained for initial PGM precipitation within upper mantle chromitites of the ophiolites [22, 53] . The presence of erlichmanite in the PGM Figure 8 . Variation of the (Ni + Cu) content in primary Pt-Fe alloys occurring in sulfide-free or sulfide-rich PGM assemblages from the syngenetic chromitites of Kytlym and Uktus. Under low sulfur fugacity (sulfide free assemblage) Ni and Cu cannot form independent sulfides but are forced to enter the alloy structure substituting for platinum as supported by the Pt-(Ni + Cu) negative correlation (R = −0.9).
According to the authors [23] , the fS 2 exerts strong influence on the composition and paragenetic assemblage of primary Pt-Fe alloys crystallizing at high temperature. At low fS 2 both Ni and Cu are forced to enter the alloy structure in substitution for Pt, as indicated by the Pt/(Ni + Cu) negative correlation in Figure 8 . At relatively higher fS 2 Ni and Cu tend to form independent sulfides with Ir and Rh overgrowing the Pt-Fe alloys. An Os-alloy is usually present as exsolved lamellae in the Pt-Fe alloys. Its textural relations support the inferred variation of fS 2 during crystallization of primary inclusions. The osmium lamellae are very small or absent in Pt-Fe alloys formed at high fS 2 , in which Os is mainly carried in primary erlichmanite. On the contrary, large osmium lamellae are almost ubiquitous in Ni-Cu rich Pt-Fe alloys occurring in the sulfide free PGM assemblage (Figure 7) . The composition of primary laurite incusions of the Uktus chromitites remain confined to Os concentrations lower than about 10 at%, therefore indicating crystallization at sulfur fugacities logfS 2 close to −1.3 and a temperature of the order of 1300 • C, for the near-end-member laurite [24] . The Figure 5 shows that these conditions are comparable with those obtained for initial PGM precipitation within upper mantle chromitites of the ophiolites [22, 53] . The presence of erlichmanite in the PGM paragenesis indicates that sulfur fugacity reached the Os-OsS 2 reaction line at about logfS 2 = 1.0 and 1100 • C, but did not increase futher-above this limit.
The Role of Oxygen Fugacity and Temperature
Results of the olivine-spinel thermobarometer indicate that the crystallization-equilibration of syngenetic chromitite and accessory chromite in dunite follows a unique trend ( Figure 9A ) indicating that oxygen fugacity fO 2 was increasing during fractionation of dunite to massive chromitite [24] . At the same time, the data support that massive chromitite equlibrated at higher temperature compared with the accessory chromite in dunite, possibly due to higher olivine/chromite mass ratio in the latter. In [24] it was shown that the oxidation ratio Fe 3+ /(Fe 3+ + Fe 2+ ) in the Uktus chromitites correlates positively with the increase of oxygen fugacity in the system and, significantly, it displays distinct correlation with variation of the assemblage of primary PGM inclusions in chromite ( Figure 9B ). The magnesiochromite with low oxidation ratio [Fe 3+ /(Fe 3+ + Fe 2+ ) = 0.23−0.25] characterize the chromitites in the lowermost dunite body of the complex, where the PGM inclusions display high concentration of Ru-Os-Ir sulfides (laurite, kashinite, cuproiridsite) and the extreme paucity or absence of Pt-minerals. With proceeding differentiation, the oxidation ratio of the chromite increases up to Fe 3+ /(Fe 3+ + Fe 2+ ) = 0.44, and abundant Pt-Fe alloys (isoferroplatinum, tetraferroplatinum) start to crystallize with the sulfide rich assemblage described above. The most differentiated chromitite characterizes for a Fe-rich composition and high oxidation ratio [Fe 3+ /(Fe 3+ + Fe 2+ ) = 0.59] resembling "chromian titanomagnetite". The PGM are mainly composed of Pt and Pd as expected for the common trend of PGE magmatic fractionation, although the minerals mainly occupy the interstitial space among chromite grains and occur in typical secondary PGM assemblage characterized by abundance of As-Sb-, Te-phase [24] . The isoferroplatinum and sulfide PGM assemblage of Kytlym occurs in chromitite with an oxidation ratio of Fe 3+ /(Fe 3+ + Fe 2+ ) = 0.45. In contrast, syngenetic chromites with a relatively high oxidation ratio [Fe 3+ /(Fe 2+ + Fe 3+ ) = 0.52] contain Ni-Cu rich Pt-Fe alloys but no sulfide ( Figure 9B ), indicating that fO 2 was increasing concomitant with a significant depression in fS 2 [23] .
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Thermodynamic Conditions for Precipitation of Primary Pt-Fe Alloys
Considering the results of olivine-chromite thermobarometry in the Alaskan-type syngenetic chromitites of the Urals [24, 33, 46, 54] and the maximum stability temperature of Pt-Fe alloys in a Spoor system, we may assume that the Pt-Fe alloys occurring as primary inclusions were trapped in the chromite as solid crystals, at temperatures in the range of 1050-1300 °C, and oxygen fugacity from +2.1 to +4.9 deltalog(O2) above the FMQ buffer. These emphasizes the anomaluos behavior of Pt that co-precipitates with the refractory Ir, and is not removed from the melt together with the companion 
Considering the results of olivine-chromite thermobarometry in the Alaskan-type syngenetic chromitites of the Urals [24, 33, 46, 54] and the maximum stability temperature of Pt-Fe alloys in a S-poor system, we may assume that the Pt-Fe alloys occurring as primary inclusions were trapped in the chromite as solid crystals, at temperatures in the range of 1050-1300 • C, and oxygen fugacity from +2.1 to +4.9 deltalog(O 2 ) above the FMQ buffer. These emphasizes the anomaluos behavior of Pt that co-precipitates with the refractory Ir, and is not removed from the melt together with the companion Rh and Pd as a result of the segregation of a magmatic sulfide liquid [24, 57] . The discrepancy with chromitites from other geological settings (i.e., the continental layered intrusions) is evident, and has received diverse explanations. Among others, one possible model assumes that the increase in f(O 2 ) required for the crystallization of chromite might have been responsible for the sharp drop of Pt solubility in the silicate melt, causing precipitation of the Pt-Fe alloys [58, 59] . However, reversing this cause-effect order, [24] proposed that it was the strong tendency of Pt to combine with Fe to form Pt-Fe alloys that caused the Pt-solubility falling down. According to this mechanism, the extensive stabilization of Pt-Fe alloys at high temperature may actually reflect the anomalous increase of the FeO and Fe 2 O 3 activity in the magma parent to Alaskan-type chromitites, that is a major consequence expected from the SiO 2 -undersaturation condition of these melts. The effect on chromite composition would be the incorporation of larger amounts of magnetite component (FeOFe 2 O 3 ) in the chromite structure, thus simulating an increase of f(O 2 ) in the system [60] . For this reason, primary precipitation of Pt-Fe occurs preferentially in mafic magmas having olivine (not orthopyroxene) and chromite with relatively high oxidation ratio, Fe 3+ (Fe 2+ + Fe 3+ ), on the liquidus: the Alaskan-type magmas.
Conclusions
The review based on examination of more than 2500 analyses of PGM associated with ophiolitic and Alaskan-type chromitites of the Urals reveals that mineralogy of PGM crystallizing at high temperature is controlled by: (1) the nature of the parent melt and relative concentrations of PGE; (2) the presence of melt-soluble clusters of PGE in the parent melt; and (3) by the chemical-physical conditions such as temperature, sulfur-and oxygen-fucagity, prevailing during their precipitation.
The mineralogy of PGM inclusions in ophiolitic and Alaskan-type chromitites of the Urals is consistent with reported whole-rock PGE concentrations. In particular, the ophiolitic chromitites contain abundant Os-Ir-Ru minerals and rare Rh-Pt-Pd phases, whereas the most abundant PGM in the Alaskan-type chromitites are Pt-Fe alloys accompanied by minor Ir-Os-Rh phases.
The most important factors controlling the precipitation of PGM in ophiolitic chromitites are temperature and sulfur fugacity. The mineralogical assemblage shows that the chromitites formed in a narrow range of temperature (1310-1090 • C) are characterized by the presence of PGM, such as laurite and alloys in the Os-Ir-Ru system, that require relatively low sulfur fucagity to precipitate. The chromitites that have suffered compositional re-equilibration in a wide thermal range (e.g., 1400-700 • C) contain a great number of PGM, including erlichmanite and Ir-Ni-sulfides. This observation suggests that the post-magmatic equilibration under slow cooling-rate was responsible for the increasing of the sulfur fugacity and the formation of a volatile rich fluid, thus promoting precipitation of a variegate suite of PGM comprising alloys, sulfides, sulfarsenides, and arsenides. In this post-magmatic stage, all the PGE that were present in solid chromite as dispersed atomic clusters could easily be converted into discrete PGM inclusions splitting off the chromite structure.
The predominance of Pt-Fe alloys over sulfides in the Alaskan-type chromitites indicates that the crystallization of magmatic PGM occurred under fS2 as low as to prevent formation of Pt sulfides but was high enough to crystallize erlichmanite and Ir-Ru-Ni-Cu sulfides. The key factor for the precipitation of abundant Pt-Fe alloys in the Alaskan-type chromitites is the SiO 2 -undersaturation condition of the parent melt and the oxygen fugacity that was increasing during fractionation of dunite to massive chromitite. The estimated temperatures suggest that the range of crystallization of PGM in the primary magmatic stage was comprised between 1050 and 1300 • C.
In summary, the whole scenario provides further support to the conclusion that the majority of primary PGM inclusions in chromite formed in situ as part of the chromite precipitation event, and eventually was modified during post-magmatic, slow cooling conditions. Only a few high refractory PGM might have formed during partial melting in the deep mantle source, being transported as suspended solid particles to the site of chromite deposition Author Contributions: F.Z. and G.G. wrote and organized the paper. E.P. collected some of the studied samples and provided the geological and field information. O.T. revised the English. All the authors contributed to the interpretation of the data and to organize the manuscript.
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